During their development, plants are subjected to repeated and fluctuating wind loads, an environmental factor predicted to increase in importance by scenarios of global climatic change. Notwithstanding the importance of wind stress on plant growth and development, little is known about plant acclimation to the bending stresses imposed by repeated winds. The time-course of acclimation of young poplars (Populus tremula L.3P. alba L.) to multiple stem bendings is studied here by following diameter growth and the expression of four genes PtaZFP2, PtaTCH2, PtaTCH4, and PtaACS6, previously described to be involved in the mechanical signalling transduction pathway. Young trees were submitted either to one transient bending per day for several days or to two bendings, 1-14 days apart. A diminution of molecular responses to subsequent bending was observed as soon as a second bending was applied. The minimum rest periods between two successive loadings necessary to recover a response similar to that observed after a single bending, were 7 days and 5 days for growth and molecular responses, respectively. Taken together, our results show a desensitization period of a few days after a single transitory bending, indicating a dayscale acclimation of sensitivity to the type of wind conditions plants experience in their specific environment. This work establishes the basic kinetics of acclimation to low bending frequency and these kinetic analyses will serve as the basis of ongoing work to investigate the molecular mechanisms involved. Future research will also concern plant acclimation to higher wind frequencies.
Introduction
The ability of plants to acclimate to biotic and abiotic stresses is crucial for their survival, as they cannot move away from a stressful situation (Potters et al., 2007) . For stresses such as cold or herbivory wounding, this acclimation process involves the storage of information resulting from a first exposure to a defined stress, called stress imprint by Bruce et al. (2007) . During their growth and development, plants and animals are continuously exposed to various mechanical stimuli, both internal (Ingber, 2005; Hamant et al., 2008) and external (Moulia et al., 2006) . The ability to respond to mechanical stimuli has been observed at both the cellular and the organism levels in different plant species (see reviews in Braam, 2005; Moulia et al., 2006; Telewski, 2006) . In the case of external mechanical loads such as wind, the syndrome of growth responses has been called thigmomorphogenesis (Boyer, 1967; Jaffe, 1973) . It is generally characterized by a reduction in stem elongation, the stimulation of radial growth (Jaffe and Forbes, 1993; Telewski and Pruyn, 1998; Coutand et al., 2008) , and the reallocation of the biomass to the roots .
A major feature of the mechanical stimulations induced by wind loads is their broad range of frequency and intensity (de Langre, 2008) . This raises the question of how plants respond to successive, recurring mechanical loadings. If the thigmomorphological syndrome is developed each time the plants encounter mechanical loadings, plant investment in withstanding mechanical perturbations can have detrimental effects on plant size (Telewski, 1995) and fecundity (Cipollini, 1999) . Nevertheless, little is known about the acclimation of plants to several mechanical loadings, as regards either eco-physiological or molecular responses.
The effects of applying different numbers of bendings were studied by Telewski and Pruyn (1998) on young Ulmus americana L. After 3 weeks of treatment, no differences in the diameter growth response were found between a low dose of bending (5 per day) and a high dose (80 per day). This result can lead to different scenarios: (i) during the administration of each bending dose, 75 bendings of the 80-bending-treatment were not perceived because of a saturation of the perception system, (ii) these bendings were perceived but did not lead to a response because of a saturation of the response process, or (iii) the perception-transduction pathway may had undergone stress imprinting by adjusting its overall sensitivity along with successive bendings through gene regulation in the signal transduction pathway, a process that has been called accommodation (Schriefer et al., 2005; Moulia et al., 2006) . Note finally that Telewski and Pruyn's (1998) results do not exclude that a single bending (the first applied) is solely responsible for the observed responses in both cases. As the responses were measured at the end of the 3 week treatments, and as no molecular marker of the signal transduction was followed, it was not possible to assess if an acclimation process occurred or not.
Mechanoperception relies on the sensing of tissue strain (the relative increment of tissue volume due to the mechanical loading) rather than forces or tissue stresses (Coutand and Moulia, 2000; Coutand et al., 2009) . Thus for mechanical reasons, the relation between the thigmomorphogenetic response and the external force applied to the plant depends on the size of the stem and its mechanical properties. In long-term studies such as that of Telewski and Pruyn (1998) , the size and mechanical properties of the stems changed with time and treatment, thereby changing the strains imposed on the stem at each bending, and preventing accurate assessment of changes in mechanosensing. Indeed, in a more closely controlled experiment using bending at constant applied displacement and eight bendings per day for 6 weeks, Coutand et al. (2008) found a slight increase in tissue strains over time (due to stem diameter growth). The growth responses of the trees to these repetitive bendings exhibited a general tendency to decrease along the experiment. These results suggested an acclimation of mechanosensing but this acclimation could not be quantified, because the response to a single bending had not been characterized. Furthermore, as the effects of multiple mechanical loadings were studied by measuring their impact on plant radial and/ or height growth with a week time step, any quicker variations in mechanosensing could not be detected.
In a biomechanical quantitative study of longitudinal growth response to a single transient stem bending in tomato (Lycopersicon esculentum L.), a mechanoperceptive model, called the 'sum of strains' model, was proposed (Coutand and Moulia, 2000) . Using a device permitting a controlled constant curvature to be imposed, this mechanoperceptive model was shown to apply to the diameter growth response in poplar as well, and was finally validated against quantitative gene expression . Such a combination of controlled stimulations and of a validated biomechanical model of mechanostimulation is well suited to quantify the effect of each single bending during multiple loadings and to study the possible acclimation of thigmomorphogenetic physiological and molecular responses. Several molecular actors have been shown to be involved in the signal transduction pathway leading to thigmomorphogenesis (Lee et al., 2005; Telewski, 2006) . However, the structure of the mechanosensing network in plant cells is not well understood (Telewski, 2006) . To understand the mechanisms involved in the variation of plant sensitivity to repeated mechanical loadings better, it is interesting to analyse the regulation of mechanosensitive genes having different functions in the plant mechanosensing pathway such as calcium signalling, wall modification, or downstream transcriptional regulation. The first mechano-controlled genes identified are the TOUCH genes (TCH) which were shown to be induced rapidly (less than 10 min) and transiently after a simple mechanical stimulation, through touching Arabidopsis thaliana L. (Braam and Davis, 1990) . TCH1-3 genes encode calmodulins or calmodulin-like proteins (Braam, 1992; Sistrunk et al., 1994) and TCH4 encodes a xyloglucan endotransglycosylase/hydrolase (Xu et al., 1995) . Another primary response gene to mechanical stimulation is ACC synthase (ACS) involved in ethylene biosynthesis. ACC synthase mRNAs accumulate 10 min after bending of Vigna radiata L. leaves (Botella et al., 1995) and P. tremula3P. alba stems . Expression modification of these molecular actors in response to multiple mechanical loadings has not been characterized except for ACS6 (Arteca and Arteca, 1999) . However, in this study by Arteca and Arteca the multiple mechanical loadings (touch) were not truly quantified, so a doseresponse curve could not be plotted. More recently, work on Juglans regia L. and P. tremula3P. alba revealed rapid induction of JrZFP2 and PtaZFP2 genes encoding Cys2/ His2 zinc finger proteins after stem bending and this only in the mechanically strained tissues (Leblanc-Fournier et al., 2008; Martin et al., 2009) . Moreover, the relative abundance of PtaZFP2 transcripts after a single bending was linearly correlated with the standardized sum of strains in the range 1-4% . Thus this gene appears to be a suitable marker to study mechanoperception regulation. Finally, to quantify and to fill in the gaps of the acclimation process of plants to several bendings, some key steps should be done: (i) quantification of the strain stimulus for each bending, (ii) analysis of the plant response after a single bending, and (iii) a study of the detailed time-courses of responses to multiple bendings.
The aims of this work were to study, for the first time, quantitatively and at high time resolution, the time-course of physiological and molecular processes involved in the acclimation of trees to repeated controlled bendings quantified using the 'sum of strains' model of mechanosensing. First, the responses to one transient bending per day for several days were studied. To gain a deeper insight into a hypothetical information storage after a mechanical loading, the time interval was then varied between two successive bendings from 1 day to 14 days.
Materials and methods
Plant material and culture conditions Hybrid poplars (P. tremula3P. alba, clone INRA 717-1B4) were obtained by in vitro micropropagation on Murashige and Skoog medium (Murashige and Skoog, 1962) , and grown on nutrient solution (Morizet and Mingeau, 1976) . Trees were grown in a growth chamber (L/D 16/8 h at 24/20°C with RH 70610%). Three months after micropropagation the poplars were used in experiments; at this stage, their stems were about 40 cm tall. The diameters of the stems tested ranged from 4.06 mm to 5.51 mm with an average diameter of 4.71 mm (60.43).
Bending treatments
The bending experiments were performed in a growth chamber under the same environmental conditions as during plant breeding. Plants were set vertically and fixed with individual clamping rings on a horizontal metal bar. Foam was rolled around each stem before tightening the clamping rings to avoid stem wounds. Before fixing the plants, basal leaves below the clamping rings were removed to avoid uncontrolled mechanical stimuli on leaves and facilitate bending application and growth measurements.
For both growth and gene expression experiments, the mechanical stimulus was applied on the trees by transiently bending the basal part of the stem against a plastic tube to obtain a controlled, homogeneous bending curvature (Fig. 1) , as detailed in Coutand et al. (2009) . In all the experiments, plants were left undisturbed for 5 d after installation to avoid interactions between the effect of uncontrolled mechanical stimulation during the installation and the effects of the controlled bending, and to let them recover their maximal perception/responsiveness capacities before the application of the first controlled stem bending. For each plant, the level of mechanical stimulus was quantified by calculating the imposed strain field induced by bending using the beam theory and by computing the sum of strains according to the 'sum of strains' mechanosensing model (Coutand and Moulia, 2000; Coutand et al., 2009 ). In the controlled bending device (Fig. 1) , the sum of longitudinal strains S strains in the stem tissues depends on the diameter of the tube and on the diameter of the stem in the bent zone (Coutand and Moulia, 2000; Coutand et al., 2009) .
where r stem is the radius of the stem in the middle of the bent part and h is the length of the considered zone.
r stem is subject to natural variations between plants and over time with growth. Tubes of different diameters (75, 90, 140 , and 160 mm) were therefore used, depending on the actual diameter of the stem, to apply a level of sum of strains within a restricted range. However, for practical reasons the tubes could not be changed all the time, and so this compensation was not perfect. A target range was defined for each studied response, also taking into account their sensitivity to the sum of strains .
Strain is a dimensionless variable, but the sum of longitudinal strains is a volume integral on the stem volume, and was expressed in mm 3 . However, for local responses (such as the expression of mecanosensitive genes) standardizing this sum of longitudinal strains by dividing it by the volume of the bent zone was found to be more appropriate . This standardized sum of longitudinal strains is dimensionless and corresponds to the volume-averaged strain. It can thus be expressed as a percentage.
For molecular responses, the standardized sum of longitudinal strains was between 0.5% and 1% (corresponding to predicted PtaZFP2 induction-factors ranging from 130 to 220 for a single bending, according to previous results obtained with the sum of strains model ). For the growth experiments the standardized sum of strains was between 0.4% and 1.4% [corresponding to a predicted maximal diameter growth rate ranging from 0.08 to 0.14 mm d
À1 for a single bending, according to previous results obtained with the sum of strains model . Plants falling outside these ranges during the experiment were discarded.
Three different types of bending treatments were applied. The first one was a single bending treatment, noted 1B in molecular experiments. The second type of treatment consisted of repeated daily transient bendings with a frequency of one per day, noted mB-1d with m¼{1, 2, 3, 4, 5} in molecular experiments and m¼9 in diameter growth studies. The third type of treatment consisted of two successive bendings separated by an increasing interval of n days, noted 2B-nd with n¼{4, 7, 10, 14} for diameter growth experiments and n¼{1, 3, 5, 7, 10} in molecular experiments. Comparison between 1B and mB-1d was used to study the possible effects of repetitive bendings (at 1 d À1 ), while the comparison between various 2B-nd treatments was used to study the possible effects of varying the lag period between successive bendings.
In growth experiments, the diameter growth of each plant was monitored by a linear voltage differential transducer (LVDT, DF/ 5.0 LIN 3M, Solartron Metrology Ltd) before, during and after the transitory stem bending. The LVDT was set approximately at 10 cm from the stem collar in the middle of an internode. Each LVDT was linked to an Omega bus (Omega, D5131, Voltage 65V, Stamford, USA) and to a computer, where a homemade program of data acquisition (LVDT.exe, B Adam, INRA UMR PIAF) recorded average growth every minute. In gene expression experiments, the bent portion of the stem (3 cm long) was collected 30 min after the mechanical stimulation, quickly frozen in liquid nitrogen and stored at -80°C until analysis.
RNA isolation and cDNA synthesis Total RNAs were extracted from about 150 mg of bent stems using CTAB extraction buffer as described by Chang et al. (1993) and then treated with RNase-free RQ1 DNase (Promega, Charbonnières-les-Bains, France). RNA was quantified spectrophotometrically and checked by agarose gel electrophoresis. First-strand cDNA was synthesized from 1 lg total RNAs using oligodT and Fig. 1 . Bending device. The stem (1) diameter growth was measured continuously by a linear voltage differential transducer (LVDT) (2). Controlled bending was applied by means of a moving arm (3) that pushed the stem against a plastic tube (4).
SuperScript III (Invitrogen, Cergy-Pontoise, France) following the protocol of the supplier.
Real-time quantitative RT-PCR experiments
Real-time RT-PCR amplifications were carried out using an iCycler IQ (Bio-Rad, Marnes-la-Coquette, France) and SYBR green as a fluorescent dye. Each PCR reaction (30 ll) contained reversetranscribed cDNA (4 ll of 1:40 dilution of the first cDNA strands), PCR buffer (13), MgCl 2 (1.66 mM), dNTP mix (200 lM of each), primers (0.3 lM of each), Platinum Taq DNA polymerase (0.5 unit, Invitrogen), and SYBR green I (1/1000, Sigma).
After a heat step at 94°C for 5 min, PCR cycling conditions were 40 cycles consisting of denaturing (94°C, 15 s), annealing (61°C, 15 s), and elongation (72°C, 20 s), ending with a final elongation step at 72°C for 5 min.
PtaZFP2 transcripts were detected by amplifying 287 bp with primers Pe1F 5#-CGTGCGAGTCACAAGAAACC-3# and Pe1R 5#-CACAGAACTCTCTTGCTGCT-3#. A 243 bp PtaTCH2 cDNA fragment was amplified using the primers PtTCH2F 5#-TGA TCA-AGATGGTGATGGTAATG-3# and PtTCH2R 5#-CGCAAAAA-CATCAATGGAAA-3#. A 283 bp PtaTCH4 cDNA fragment was detected with the primers PtTCH4F 5#-GGAT GAGATAGATT-TTGAATTC-3# and PtTCH4R 5#-ATCAGCATTCCATAGACT-CGA-3#. PtaACS6 transcripts were detected by amplifying 243 bp using the primers PtACS6F 5#-GAGATGTTCATTAGGGAA-AGC-3# and PtACS6R 5#-TGGCTTCGAGCAATGAAAAGA-3#. Elongation factor-1a (EF-1a) was retained at the reference gene as it had been previously shown to be invariable with mechanical stimulation . EF-1a transcripts were amplified using the primers EF1F 5#-GACAACTAGGTACTACTGCA-CTGTC-3# and EF1R 5#-TTGGTGGACCTCTCGATCATG-3#. To ensure the specificity of the primers, all the corresponding PCR products were checked by sequencing (MilleGen company, Labège, France).
Relative quantitative abundance (Qr) of PtaZFP2, PtaTCH2, PtaTCH4, and PtaACS6 transcripts was calculated by comparison with the expression of EF-1a using the delta-delta method mathematical model (McMaugh and Lyon, 2003) . Here msg represents a mechanosensitive gene, EF-1a is the reference gene, and C is the number of cycles needed to reach the threshold detection. Specificity of amplification was confirmed by determining the melt curves for the PCR products at the end of each run and by gel electrophoresis. Real-time PCR amplifications were performed on at least three independent experiments, and every run was carried out in triplicate. A Kruskal-Wallis test was used to determine overall statistical significance. Statistically different groups were obtained with a Newman-Keuls test.
Results

Modification of diameter growth response after repeated bendings
Previous work had shown that a single bending modified poplar stem diameter growth for 5 d on average ). To check whether or not the plant sensitivity/ responsiveness to bending was affected after a single bending, stems were subjected to a loading frequency of one bending per day for 9 d. Figure 2 shows two representative recordings of stem diameter growth for plants subjected to one transient bending ( Fig. 2A) and a loading frequency of one bending per day for 9 d (i.e. nine successive transient bendings) (Fig.   2B ). During the days before bending, poplars reached a stable diameter growth rate (about 0.05 mm d À1 in these examples). This growth was modified by a single transient bending for 7 d (Fig. 2A) , with a peak of growth the second day after bending. The diameter growth then decreased and returned to basal level a few days later. By contrast, when a plant was subjected to one bending per day for 9 d (Fig.  2B) , the growth response was affected for at least 12 d after the first bending, and the highest maximal daily diameter growth was observed on the day of the fourth bending.
To analyse the difference in diameter growth responses after one or multiple bendings, diameter growth recordings of several plants were pooled (Fig. 3) . The changes in the average daily diameter growth during the experiment are given for plants subjected to the two extreme treatments 1B and 9B-1d (Fig. 3) . A maximal daily diameter growth of 0.1560.02 mm d À1 was reached on the second day in the case of a single bending (1B), corresponding to an increase in the diameter growth rate of 0.10 mm d À1 (+200%) compared with the initial growth rate. For plants subjected to nine repeated bendings (9B-1d) a large shift in the time and amplitude of the peak response was found: the peak was approximately 1.7 times higher than for a single bending, and was reached only on the third day after the first bending. Also, after the fourth bending in the 9B-1d treatment, daily diameter growth decreased despite additional bendings. The day after the last bending, the decrease stopped and a small increase in diameter growth was observed (Fig. 3) . At the end of the experiment, plant diameter growth rate reached the level observed before the first bending.
To assess the possible interactions between the effects of successive bendings, a theoretical growth response was computed assuming an additive model for repetitive mechanosensing. In this model (noted model 931B), it was considered that each bending had the same effect (i.e. no interactions between bendings), and that their effects were additive (Fig. 3) . For example, in the 931B model, the theoretical growth observed on day 6, corresponding to the application of the fourth bending, takes into account the potential effect of the three bendings applied before. It represents the overall growth observed during the 3 d after a single bending added to the basal growth observed before bending. The growth response for repeated bendings 9B-1d was intermediate between that of 1B and the additive model 931B. The first three repeated bendings strongly increased the stimulation of diameter growth compared with a single bending, and were not statistically different from the additive model, suggesting that these successive bendings were equally perceived by the plants. However, the effects of the subsequent bendings departed very significantly from the additive model 931B, with differences up to -0.23 mm d
À1 . The subsequent bendings thus seemed to have lost their stimulatory effects, suggesting that additional bendings after the first three have no further effect on plant growth. This was tested by building a new theoretical model in which (i) additive effects were assumed for the first three bendings and (ii) complete subsequent desensitization resulted in no further effects for the following bendings (model 331B; Fig. 3 ). No statistically significant differences were found between the experimental data of 9B-1d and the model 331B. However, this model does not account for the whole response. When considering the growth after stopping the mechanical stimulation, a very significant +100% increase in diameter growth rate was observed on days 12 and 13, compared with the model 331B, suggesting that some inhibition had been released.
These results show that plants responded differently to successive mechanical loadings, and that some desensitization took place.
PtaZFP2, PtaTCH2, PtaTCH4, and PtaACS6 expression after multiple bendings The expression of four mechanosensitive genes was investigated in response to multiple bendings: PtaZFP2 gene encoding a Cys2/His2 zinc finger protein, touch-induced genes (PtaTCH2, PtaTCH4), and PtaACS6 involved in ethylene biosynthesis. In poplar, previous work showed that the time-course of these different genes was transitory and the induction peak was reached rapidly after mechanical solicitations ). Thus expression measurements were carried out 30 minutes after each bending.
A single transient bending (1B) led to a 210-to 430-fold induction of PtaZFP2 (average 320-fold) (Fig. 4A, treatment  1B) . As expected from Coutand et al. (2009) , this variation of PtaZFP2 transcripts abundance was due to the different levels of the mechanical loadings with a standardized sum of applied strains ranging from 0.6% to 1%. The highest level of the sum of strains (1%) corresponded to the highest relative transcripts abundance (430-fold). Carrying out an additional transitory bending every 24 h for 2-5 d only induced an average 35-fold increase in PtaZFP2 transcripts accumulation (Fig. 4A, treatments 2B-1d to 5B-1d). The differences between the treatments were no longer related to variations in the sum of strain stimulus applied to the plants.
As for PtaZFP2, a single transitory bending induced an over-expression of PtaTCH2, PtaTCH4, and PtaACS6 genes (Fig. 4B, C, D, treatment 1B) . This induction was 574-fold for PtaTCH4 and 15-fold for PtaACS6. Again, the highest level of longitudinal strains (1%) induced the highest increase in PtaTCH4 mRNA (741-fold) and PtaACS6 mRNA (17-fold). Whatever the number, additional bendings led to a lower induction with a mean 200-fold for PtaTCH4 and 3.5-fold for PtaASC6 compared with the basal level observed in non-bent plants (Fig. 4B, C , treatments 2B-1d to 5B-1d). Despite different global induction levels, PtaTCH4 and PtaACS6 expression profiles after repeated bendings displayed similarity with that observed with PtaZFP2.
For PtaTCH2, a single transitory bending induced only a 6-fold increase in its transcript accumulation (Fig 4D,   Fig. 3 . Comparison of the effect of a single transitory bending or repeated bendings on daily diameter growth of poplars. Daily diameter growth curves were obtained after one or nine transitory bendings. Arrows indicate the day on which each transitory bending was applied on the stem. Open and closed circles are means 6SE of ten (n¼10) or six (n¼6) independent recordings after a single bending or daily repeated bendings, respectively. Under the hypothesis that the effects of each successive bending were additive, two theoretical models are proposed: model 931B (closed squares) and model 331B (open squares). These models were obtained using the diameter growth measured on recording 1B and by adding nine times (model 931B) or three times (model 331B) the effect of a single bending. In model 331B, it is considered that bendings after the third one had no further effects. Triple asterisks (***) symbolize significant differences between the 9B-1d treatment and 331B model at the threshold of 1%. treatment 1B). A statistically significant PtaTCH2 expression decrease was observed after the second and third bendings. However, contrary to the other three genes, PtaTCH2 relative transcript abundance rose again after the fourth and fifth bendings to reach the level observed after the first bending (Fig. 4D) .
In conclusion, once plants had been subjected to a primary bending, they responded differently to additional bendings at a molecular level. In particular, the expression level of three of the four mechanosensitive genes tested immediately after the second bending was 1.5-8 times lower than after a single bending.
Effects of time interval between two successive bendings on diameter growth response
To evaluate the time necessary for the plant to recover its maximal sensitivity/responsiveness, bendings were applied at decreasing frequencies. For this experiment, a population of plants was subjected to two transient bendings 4-14 days apart. As described previously, the applied level of strains for each plant was controlled. Figure 5 shows a representative recording of stem diameter growth in a plant subjected to two bendings at 10 days apart. In this case, the two bendings induced a similar diameter growth response, whereas the growth responses were different with two bendings at 24 h apart (Fig. 2B) . Comparison between the growth responses induced by the two separate bendings with intermediate lag periods was not straightforward. When the period between the two stimulations was less than 6-7 d, diameter growth response induced by the first bending was not achieved. Assuming an additive model of mechanoperception, the specific response due to the considered bending was obtained by subtracting the diameter growth observed during the day before this bending was applied from the maximal daily diameter growth observed after the considered bending application. To compare the effects of the different lag period between successive bendings, this calculation mode was applied for each experiment (Fig. 6) . For the four bending frequencies tested, no statistically significant difference was observed for the diameter growth responses induced by the first bending, Fig. 4 . Relative transcript abundance of PtaZFP2 (A), PtaACS6 (B), PtaTCH4 (C), and PtaTCH2 (D) genes after repeated bendings. Total RNAs were extracted from stems of non-bent plants (C) and from bent stems collected 30 min after a single bending (1B) or after the last bending (mB) at a rate of one per day (2B-1d, 3B-1d, 4B-1d, and 5B-1d). Relative transcripts abundance was determined by real-time PCR and corresponds to the means 6SE of four independent experiments. Significant differences (P <0.05) of responses after different numbers of applied bendings are indicated by different letters. indicating the repeatability of the treatment. As shown in Fig. 6, when a second bending was applied 4 d or 7 d after the first one, the induction of diameter growth was less marked than in the case of one single bending. By contrast, no statistically significant difference from the effect of the first bending was observed when the two bendings were 10 d or 14 d apart (Fig. 6) . These results indicate that plants needed at least 7 d between two mechanical loadings to recover their initial diameter growth response and probably their initial mechanosensing sensitivity.
Transcripts expression recovery of the genes PtaZFP2, PtaACS6, PtaTCH2, and PtaTCH4 after two bendings It has been shown that repeated bendings at a rate of 1 d
À1
induced less transcript accumulation of the four mechanosensitive genes tested than a single transient bending. To measure the time for plant sensitivity/responsiveness recovery at the molecular level, the expression of these genes was investigated after the application of the second transient bending, varying the time elapsed between the two applied bendings (Fig. 7) .
In our conditions, a single transitory bending led to an average 320-fold induction of PtaZFP2 expression ( Figs 4A,  7A, treatment 1B) . A second transitory bending applied 24 h later (treatment 2B-1d) induced a 10-fold lowering of PtaZFP2 transcript accumulation relative to the first bending. Applying the second bending 3 d after the first one (treatment 2B-3d), the mRNA level was only three times lower than after a single bending. When the two bendings were 5 d or longer apart, no more statistically significant difference was observed in PtaZFP2 transcript accumulation after one or two bendings (Fig. 7A , treatments 2B-5d, 2B-7d, 2B-10d). In the limited range of the sum of strains investigated, the differences between the treatments were no longer related to variations in the sum of strains stimulus applied to the plants. Fig. 6 . Effect of the time elapsed between two separate transitory bendings on diameter growth responses of poplars. Maximal daily diameter growth variations were obtained by subtracting diameter growth observed during the day when bending was applied with the maximal daily diameter growth observed after bending. Results are means 6SE of three (n¼3) to seven (n¼7) independent recordings. Asterisks (*) symbolize significant differences at the threshold of 10%. Double asterisks (**) symbolize significant differences at the threshold of 5%. Fig. 7 . Effect of the time elapsed between two separate transitory bendings on the molecular responses of poplars. Total RNAs were extracted from the stems of non-bent plants (C) and from bent stems harvested 30 min after a single bending (1B) or after the second bending (2B) applied 1, 3, 5, 7, or 10 d after the first one (2B-1d, 2B-3d, 2B-5d, 2B-7d, 2B-10d, respectively). Relative transcripts abundance of PtaZFP2 (A), PtaACS6 (B), PtaTCH4 (C), and PtaTCH2 (D) was determined by real-time PCR and corresponds to the means 6SE of four independent experiments. Significant differences (P <0.05) between responses obtained with different times elapsed between the two applied bendings are indicated by different letters.
As for PtaZFP2, the three other genes studied (PtaACS6, PtaTCH2, and PtaTCH4) needed several days to recover a level of transcript induction equivalent to that observed after a single bending (Fig. 7B, C, D, treatment 1B ). Despite differences in PtaZFP2 and PtaACS6 relative mRNA abundance, their expression profiles were similar (Fig. 7A,  B) , revealing similar kinetic characteristics. For PtaTCH4, no statistically significant differences were observed when the two bendings were 3 d apart, but its induction level seemed to have totally recovered only when the two stimulations were more than 7 d apart (Fig. 7C) . Concerning PtaTCH2, 3 d between two bendings were necessary to recover the same level of induction (Fig. 7D) .
When the time interval between two successive bending was long enough (5 d on average), the second bending induced a similar or higher transcript accumulation of the various genes to that observed after a single one.
Discussion
One single transitory bending is sufficient to modify molecular plant responses to a subsequent bending Plant acclimation to recurrent mechanical loadings is far less documented than for other abiotic stresses. In this study, an original device was used to control and quantify each successive bending. Furthermore, unlike previous studies in this area, the kinetics of plant responses to successive bendings were analysed at two spatial scales by following the modification in diameter growth and the expression levels of four different mechanosensitive genes. Our results showed that a second bending, applied 24 h after the first one, led to a markedly smaller induction of all the four primary mechanosensitive genes studied (compared with the effect of the first bending alone). Previous studies have shown that these mechanosensitive genes are transiently expressed after mechanical loading in different species (Arteca and Arteca, 1999; Braam and Davis, 1990; Martin et al., 2009) and mRNA accumulation returns to basal levels before 24 h after mechanical treatment. The expression levels observed after the second bending are thus only due to this bending. Therefore, these data clearly demonstrated that a single bending is sufficient to initiate an acclimation of the plant to subsequent bendings. In A. thaliana, the difference in gene induction to four unquantified successive touch stimulations at a rate of one per hour has been reported for a gene encoding ACC synthase by Arteca and Arteca (1999) . Our study showed that this rapid acclimation can also be observed for all of a set of genes along the transduction pathway, and in a woody species.
In poplar, it was previously reported that a single transitory bending induces a stimulation of stem diameter growth lasting at least 4 d  Fig. 2A ). Therefore, in this study, the diameter growth response to the first bending was still occurring when the second bending was applied. To assess the effect of repetitive bendings on diameter growth, our experimental data were compared to theoretical models quantifying the consequences of two different hypotheses for the acclimation scenario. Such a mathematical approach enabled us to determine that, after the third bending, repeated daily bendings had no more additive effects for the diameter growth response, and even inhibited this response suggesting an acclimation process for secondary growth, i.e. for a more integrated response, at a larger scale.
However, whereas an acclimation process was clearly observed after the second bending for gene expression, this effect was only obvious after the fourth bending for the growth response. Several hypotheses can be proposed to explain these kinetics differences. First, one possibility is that acclimation did occur in the growth response as with gene expression, but that the induced variation of the diameter growth response was not high enough to be detected during the second and the third bending in our experimental conditions. A second possibility is that the variation of diameter growth response was too slow to be detected between bendings separated by 24 h. When the two bendings were 4 d apart, plant diameter growth responses were indeed different (Fig. 6) . By contrast, the underlying mechanisms regulating the variation of gene expression are faster. The molecular actors controlling the expression of these genes may be short-lived enough so that the expression levels reset rapidly to the basal level after the first bending and could be completely regulated before the second bending occurs. By contrast, the diameter growth response could involve longlived molecular actors so that abundance would necessarily be regulated more slowly.
Responses to multiple loadings: acclimation through desensitization or saturation of responses?
As stated in the introduction, the data of Telewski and Pruyn (1998) on U. americana showed that different bending doses induced no significant differences in diameter growth after 3 weeks of treatment. But kinetic studies are lacking for a conclusion on the U. americana response to bending stress: (i) a saturation of diameter growth response or (ii) a desensitization process.
To compare the effect of two successive bendings, four molecular markers were used that are returned to their basal levels and are not saturated before the second bending. Since expression levels of these genes were lower after a second bending than after a single one, the results indicate clearly a partial desensitization to mechanical loadings. By the same token (Fig. 6) , when a second bending was applied 4-7 d after the first one [i.e. when the diameter growth response to the first bending was quite finished (Fig. 2A, days 10-13) ], the induction of growth is less marked than after the first single bending suggesting again it was not due to a saturation of the growth responses but to a desensitization of the plant to recurrent bending.
At this time, the nature of the putative desensitization mechanism is unknown. As this response was observed for all four early-responsive genes tested, these results suggest that the perception capacities may be modified. About mechanoperception capacities, recent studies have identified mechanosensitive channels in A. thaliana (Haswell et al., 2008) , similar to Escherichia coli MscS mechanosensitive channels (Hamill, 2006) . The involvement of such proteins in the plant response to repeated bendings or to wind has not yet been demonstrated. Nevertheless, mechanosensitive channels are known to display a relaxation time for the recovery of the full response. However, this inhibition has been shown to last only few seconds in E. coli (Hamill, 2006) . Relaxation of mechanonsensitive channels is thus very unlikely to explain the partial desensitization observed in our study, where the two successive bendings are separated by 24 h. Among the first cellular changes upon mechanostimulation are modifications of plant plasma membrane fluidity (Mathieu et al., 1995) and remodelling of the cytoskeleton (Ikushima and Shimmen, 2005) . These two elements may contribute to the acclimation of the channels mechanosensitivity , since the current model explaining sensing of a mechanical signal involves a cytoskeleton-plasma membrane-cell wall (CPMCW) interface (Telewski, 2006) . Finally transcriptional regulated changes of the key controlling actors along the transduction pathway may change its quantitative physiological output. For example, possible transcriptional regulated increases in the abundance of calmodulins might induce the requirement for a higher calcium influx.
An explanation for desensitization may be found at the cell population level. It could be that only the new cells produced by the cambium after bending are sensitive to the second treatment exposure. It will be interesting to test this hypothesis by comparing the location of the mechanosensitive gene expression after one or two bendings although this process might be too slow to account for the results of Arteca and Arteca (1999) .
Ecological significance for the duration of the partial desensitization period of plant to multiple mechanical loadings These results and those of Telewski and Pruyn (1998) may bear more ecological significance when compared with wind loads encountered in nature. During their growth, plants are continuously subjected to wind over a broad spectrum of eddy size and frequency (de Langre, 2008) . But the major distortions (and hence strains) of trees lay typically in the range of 1-5 Hz, corresponding to 60-300 bendings per minute (Rodriguez et al., 2008) . However, plants also experience meteorological alternations between windy and nonwindy days. In our study, an interval of at least 7 d between bendings was necessary to recover a diameter growth response similar to that observed after the first mechanical loading (Fig. 6) , whereas only 5 d were needed to recover a similar transcript accumulation after two bendings for the four genes tested (Fig. 7) . When the time interval was less than 5 d, gene expression level was positively correlated with the number of days elapsed between the two bendings ( Fig. 7) suggesting a gradual recovery of maximal sensitivity/responsiveness. Such capacity of 'stress imprint' has already been observed in response to various other abiotic stresses (see Bruce et al., 2007 for a review) .
Thus, day-scale acclimation of sensitivity to successive bending periods as reported here may allow plants to acclimate to the type of windy weather they experience in their specific environment. Fully assessing this hypothesis would require additional studies, but our growth experiments prove that plant acclimation during long-term experiments occurs at a scale of days.
